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Abstract 
Tidal turbines when subjected to a yawed inflow experience a deficit in its performance. 
In addition, the yawed inflow affects the downstream wake propagation and subsequent 
recovery. A detailed three-dimensional computational fluid dynamics study was performed 
using a k  SST turbulence model with curvature correction for a three bladed, constant 
chord, untwisted tidal turbine operating at uniform inflow of 0.73m/s. The yaw angle to 
the turbine is varied from 0° to 15°; an increase in yaw over this range caused a power 
coefficient deficit of 26% and a thrust coefficient deficit of ~ 6% at a TSR value of 5 which 
corresponds to the maximum power coefficient for the turbine. Wake propagation was 
studied up to a downstream distance of 10R for all cases; a skewness in the wake, 
proportional to the yaw angle was observed.  Flow accelerating around the turbine rotor 
plane interacts with the skewed wake, helping in faster recovery of velocity inside the wake 
at higher yaw. Second order moments in the wake were also investigated. The propagating 
wake was noticed to twine around the turbine centerline with increasing downstream 
distance and deviate ~5° towards the free surface above the turbine centerline for the case 
of 15º yaw. The center of the wake was also tracked to better understand downstream wake 
propagation; with an increase in yaw, the wake recovery distance is noticed to decrease 
and the flow behind and around the turbine rotor is observed to be increasingly turbulent 
and experiencing high Reynolds stress values. 
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1. Introduction 
Tidal Turbines are a class of renewable energy devices which convert the kinetic 
energy in flowing water bodies such as rivers, tidal estuaries, and waves into electricity. 
Unlike conventional water turbines that need high static head to operate, tidal turbines can 
operate at zero head with freestream velocity as low as 0.5 m/s 1, 2. This eliminates the need 
for a dam or diversion structures. Tidal energy extraction devices can thus be installed in 
rivers and along the coastal lines near populated areas, cutting down the energy 
transmission losses/costs, thus minimizing the initial setup costs and time. It is estimated 
that entire tidal energy resource in the US have the potential to generate ~50.83 GW 3 a 
year, which is ~10% of the annual electricity consumption in the US (2013) 4. Historically, 
the European Union has spearheaded development and deployments of hydrokinetic 
energy converters, providing for 50% of tidal energy R&D investments and 45% of wave 
energy developers globally 5. Recently, countries like Canada, France, Turkey, South 
Korea and India have initiated investments in research and pilot scale projects6. In the USA, 
Department of Energy invested about ~$30 million annually on projects to help sustainably 
and efficiently capturing energy from waves, tides and currents.  As a first step towards 
commercializing tidal energy in the US, Verdant Power Inc. has developed and deployed 
an array of six horizontal axis tidal turbines in the East River in New York City which was 
called the RITE (Roosevelt Island Tidal Energy) demonstration project. Table 1 illustrates 
the current status of tidal energy developers worldwide7. 
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Table 1: Current Status of Tidal Energy Extraction Devices 
Company Features 
Device 
Dimensions 
Status 
Rated 
Power 
Aquamarine 
Power Ltd. 
(UK) 
Three buoyant flaps 
hinged to power 
connector frame  
18×12×4 
meters 
The device is 
currently being 
tested at EMEC 
wave test site. 
~ 2.4 MW 
(full size) 
Atlantis 
Resources 
Corporation 
(Singapore/ 
UK/India) 
Horizontal axis turbine.  D =  16m 
Currently 
undergoing 
testing at 
offshore energy 
(ORE) catapult 
1.5 - 3MW 
Blue Energy 
Ltd. (Canada) 
Vertical axis four 
bladed turbine fixed in 
an array 
10 meter 
turbine 
(individual) 
Currently 
identifying sites 
for installation 
and grid testing. 
2.88 MW 
(individual) 
Bluewater 
(Netherlands) 
Floating platform with 
horizontal axis turbine  
D = 16m – 
24m 
In demonstration 
Phase 
2-3 MW 
/unit 
Hammerfest 
Strom AS 
(Norway) 
Horizontal axis – Three 
bladed design 
D = 20m 
Installed on the 
cost of Norway 
in Sept, 2003 
0.5-2 MW 
Lunar Energy 
Ltd. (UK) 
`Horizontal axis turbine D = 11.5 m  
Testing 1/20th 
scale model 
1 MW/ unit 
Open-Hydro 
Ltd. 
Horizontal axis five 
bladed turbine 
D = 6m 
Installation 
projects at seven 
different 
locations  
0.5-1.5 
MW 
EEL Energy 
(UK) 
Membrane undulates 
under moving fluid 
15m×15m 
(Dimension) 
Prototype tested 
with industrial 
production 
scheduled for 
2016 
1 MW 
Marine Current 
Turbines 
(UK/Germany) 
Twin Horizontal axis 
rotor. 
D = 16m  Prototype testing 
1.2 MW/ 
unit 
Magallanes 
Renovables 
(Spain) 
Twin rotor horizontal 
axis turbine 
D = 19m, 
25m Draft 
Tube, 
Launched sea 
trials with real 
scale prototype 
2 MW/ unit 
GCK 
Technology 
(USA) 
Vertical axis turbine 
using twisted blades 
D = 1 m, H = 
2.5 m  
Installed near 
Korea. 
3 – 4 MW 
Verdant Power 
(USA) 
Horizontal axis three 
bladed turbine 
4.68m Dia 
Installed in East 
River, New York 
City 
35kW  
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1.1. Motivation of current research 
The amount of energy extracted by a horizontal axis tidal turbine is directly 
proportional to area swept by the turbine. From a practical and cost-effective point of view, 
the swept area can be maximized by placing multiple turbines in an array configuration 
with optimum diameter rather than single large diameter turbine8, a practice commonly 
adopted for wind farms. In such scenarios, the wake generated by the upstream turbines 
may cause significant disturbance to the downstream turbines. This scenario is enhanced if 
the incoming flow is at an angle (commonly referred to as yaw) to the turbine axis due to 
changes in the direction of tides (ebb and flow tides) or wave-current interaction9 that occur 
at the mouths of tidal estuaries. Gooch et al., 10 using a power law approximation, 
demonstrated that there is ~70% more extractable power (inform of density, water 
velocity.,) on the upper half of the tidal stream than the lower half, making it the optimum 
location for turbine placement11, 12. A European Marine Energy Centre’s (EMEC) study12 
found that when total depth of stream is 45m, the orbital motion of surface waves can be 
experienced up to a depth of ~44% from the free-surface, whereas the turbulence from 
bottom boundary layer propagates to ~37% from the bottom surface13, 14. Thus, the top half 
of the stream will experience elevated levels of turbulence and yaw/pitch effects; as a 
result, the torque generated is reduced which decreases the output power. Quantification of 
turbine performance and downstream wake on variation of yaw angle is thus essential for 
design layout of a tidal farm for maximizing power output. 
The effect of variations of yaw angle due to random changes in flow direction 
has been a subject of study in wind turbine community for several decades. Effects of yaw 
in wind turbine were noticed as early as 1939 during introduction of first commercial wind  
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turbine in USA15, but quantifying studies/reports on yaw effects were not conducted until 
mid-1980s16. Pedersen et al. 17 observed that power reduction for an individual wind turbine 
with yaw inflow could be approximated by a cosine square relationship since the swept 
area and also the flow components perpendicular to the rotor plane are reduced by cosine 
of yaw angle. Krogstad and Adaramola18, 19, studied the near wake effects and change in 
the turbine performance due to yaw. The wake was observed to shift gradually towards the 
direction of yaw along with an increase in non-uniformity with the increasing yaw angle18. 
Since the flow is not symmetric to the rotor plane, the wake generated is also asymmetric, 
which affects the incoming flow of the downstream turbine. In a turbine farm, overall 
performance is largely dependent on the placement of the turbines. Adaramola and 
Krogstad19 observed that the cumulative power output from a wind farm can be increased 
by adjusting the tip speed ratio (henceforth referred to as TSR and is the ratio of tangential 
velocity of blade tip to actual velocity of wind) for a yawed upstream turbine, to increase 
the power output of the downstream turbine placed at an optimum distance. It was observed 
that when upstream turbine is operated at appropriate yaw and the downstream turbine is 
placed at a small distance; the overall efficiency is better when compared to having larger 
distance between turbines and upstream turbine operating at zero yaw19. This was attributed 
to the increase in the power output of downstream turbine which results due to the increased 
thrust experienced by it due to the operating condition of the upstream turbine19, 20. 
Loland21 studied wake propagation of wind turbines under different yaw conditions. The 
wake recovery time was reported to be inversely proportional to yaw angle and was 
attributed to the increases in interaction of momentum from the free-stream flow with the 
wake. Cleijne22 measured the wake turbulence characteristics in the Sexbierum wind farm 
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(in Netherlands) and noticed the shear stress behavior to be similar to velocity shear, 
validating of the eddy viscosity assumption. The turbulence in the core of wake was noticed 
to be more isotropic than outside flow, although, experiencing some local peaks in 
turbulence intensity in the direction of wind, similar to results obtained by Smith23, 
validating the use eddy viscosity model to study yawed inflow. Medici 24 studied the wake 
propagation and vortex shedding for wind turbines at yaw and made an observation that 
recovery of velocity deficit is faster for increasing yaw angle due to high-energy mixing 
and shorter endurance of tip vortices. Jiménez et al. 25 studied the deflection of wake due 
to yaw for wind turbine using LES technique by calculating the center of wake at different 
downstream locations25, by taking the mid-point between two locations with wind speed 
equal to 95% of free-stream velocity similar to Parkin et al.26. Howland et al. 27 conducted 
an experimental study on a non-rotating wind turbine in yaw to study realistic wake 
deflection . The center of wake was calculated by Trujillo et al.28 as the “center of mass” 
of velocity deficit at locations down-stream from the turbine. Howland’s study observed 
the formation of a skewed wake which was consistent with span-wise mean velocity in the 
wake; a shift in the wake deficit velocity predominantly near the wake center than top and 
bottom, which experience the shift in opposite direction. This was attributed to a set of 
counter rotating vortices created due to yaw of the turbine which deformed the wake. This 
turning around of the wake may cause it to miss the downstream turbine since it may wrap 
around the downstream rotor27. These studies helped to explain the performance of the 
wind turbine and the wake generated by it to help better understand their collective 
experience in the wind farm and increasing cumulative performance.  
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1.2. Thesis Overview 
Very few studies have been conducted on the effect of yaw on the performance and 
wake generated by a tidal turbine. Galloway 11,12, conducted numerical (BEM) and 
experimental investigations on 3-bladed horizontal axis tidal stream turbine experiencing 
for 0°, 7.5°, 15° and 22.5° of misalignment in inflow due to wave-current interaction. By 
studying performance and loading on the tidal stream turbine at yaw, they concluded that 
turbine rotor captures less power and rotor thrust29, resulting in reduced performance. 
Galloway also observed that the skew angle of the wake generated is always slightly greater 
than the yaw angle of the upstream flow due to flow acceleration around the turbine14. 
Galloway’s study primarily focused on cyclic loading and accelerated fatigue effects on 
rotor due to wave and misaligned flows on tidal stream turbine. The BEM code devised to 
study the loading loses applicability outside the optimum operating range (4<TSR<8), 
struggling to converge and limiting the knowledge of loading effects to that range of TSR 
values.  Galloway’s study focused on loading effects due to yaw on single turbine and does 
not discuss the meandering of the downstream wake; a phenomenon of critical importance 
when designing farm layouts of these devices.  
The main objective of this M.S. thesis is to understand the performance of a tidal 
turbine and the associated wake propagation under different yawed inflow conditions. 
Steady state three-dimensional computational fluid dynamics (CFD) simulations were 
performed for yaw angles of 0o (baseline case), 5o, 10o, and 15o and the results were 
compared to the experimental study done for yaw angle of 0° conducted with a model 
turbine of identical geometry30. The current analysis is carried out at a uniform flow 
velocity of 0.73 m/s that leads to a chord-based Reynolds number of 2.04×105.; Parameters 
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that include power coefficient (Cp) and thrust coefficient (CT) are estimated. The center of 
the wake of the turbine is calculated to better understand the propagation of wake. In 
addition, profiles of velocity and turbulence kinetic energy (TKE) were evaluated under 
different yaw conditions and tip speed ratios (TSR) to understand the mechanism of wake 
propagation. Transient CFD analysis with volume of fluid approach was also performed to 
incorporate buoyancy effects and understand the wake recovery distance; the transient 
simulation was performed for 15o yaw as it results in maximum wake deviation and 
maximum power reduction.  
The rest of the thesis is structured as follows. The computational model and the 
governing equations are discussed in section 2 with a detailed description of the mesh and 
domain sizes used boundary conditions; a choice of appropriate turbulence model for such 
flows is also provided. Section 3, details computational findings based on variation of TSR 
and yaw angle. First, the turbulence model is verified and validated followed by discussions 
on yaw effects on turbine performance. In section 4, the conclusion presents our findings 
and provides implications of turbine TSR and yaw angle on turbine performance and wake 
propagation.  
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2. Numerical Methodology 
2.1. Domain and Turbine Model Description:  
The model consists of a three-bladed horizontal axis turbine, with a radius of 5.5 
inches. The hydrofoil used is SG-6043. This turbine model was designed using multivariate 
optimization technique31. Figure 1, shows the schematic of the domain used for the CFD 
study.  
  
The computational domain is 48 × 48 inches; the domain size was chosen to 
eliminate wall effects. Verification study performed for domain selection is elaborated in 
chapter 3. It consists of inner rotating sub-domain in which turbine is present and stationary 
outer sub-domain. The size of the internal sub-domain is 2.07R × 0.55R (where R is the 
radius of turbine = 5.5 inches) forming a mesh with 1 million elements. The turbine is 
located at a distance of ~6.5R from the inlet, 10R from the outlet and ~4R from the free 
surface. In the domain, the total number of mesh elements are ~19 million. The mesh is 
optimized based on y+ values for the turbine and wall. The value of y+<10 is acceptable for 
Figure 1: Schematic of flow around tidal turbine in Shallow River/tidal 
channel 
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proper prediction of separation30, 32, 33. The final optimized mesh thus generated is shown 
in Figure 2.  
 
2.2. Domain Setup 
A detailed study carried out by Kolekar & Banerjee 30 on the same turbine demonstrated 
that Reynolds number converges beyond a velocity of 0.73 m/s (Re ~ 2.04 × 105); a uniform 
inlet flow speed of 0.73 m/s was thus chosen for analysis and cross comparison with 
previous work in our group30.  The channel outlet was specified as an outlet boundary 
condition with zero relative pressure. The turbine and side walls of the channel were 
modeled as no-slip walls and the channel top was modeled as zero relative opening 
pressure. Different types of elements at all boundary zones are shown in a simple way in 
Table 2. 
Multiple reference frame approach was used for steady state simulations. For transient 
case, simulation is set to run with a time-step equal to the time needed for the rotor to  
Rotating Inner domain 
Inlet Outlet 
Top 
Walls 
                 Figure 2: (a) Mesh used for CFD (19 million elements)        (b) Inner fluid 
domain (1 million elements) 
(a) (b) 
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Table 2: Definition of boundary conditions used for current study 
Zone Type 
Inlet Velocity 
Outlet Pressure 
Turbine Wall 
Walls Wall 
Free surface Symmetry 
 
perform an azimuthal rotation of 2°, which leads to average CFL number <5. The 
simulation is set to converge after the scaled root mean square residuals of continuity, 
momentum and turbulence quantities falls below 1e-5. For transient simulation, the free 
surface drop at the outlet is considered to be 5% of the inlet height, based on blade element 
momentum calculations performed by Kolekar and A. Banerjee 30 incorporating quartic 
equation relating wake flow for current prototype, Froude number, and other operating 
conditions34. Based on a study conducted by Kolekar and Banerjee30, it can be observed 
that 2° time-step is optimum to obtain numerically stable and accurate results for current 
analysis. Buoyancy and free surface effects are taken into account to perform transient CFD 
calculations on wake characterization using volume of fluid (VOF) approach35. The base 
of the test section was given as reference gravity. Details of simulation variables are listed 
below in Table 3. 
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Table 3: Parameters for CFD analysis 
Hydrofoil Profile SG - 6043 
Density (ρ) 998.2 kg/m3 
Pressure (p) 1 Atm = 101.3 kPa 
Rotor radius (R) 5.5” 
Chord length (c) 0.65” 
Number of Blades 3 
Rotor Speed (rpm) 50 - 350 
Inlet Velocity (U∞) 0.73 m/s 
Turbulence model CCSSTk   
Residual Error 1E–05 
 
2.3. Governing Parameters 
This study mainly focusses on understanding how the yaw inflow of water affects 
the performance, and propagation of wake. Non-dimensional parameters that govern the 
performance of the turbine are TSR (λ), Reynolds number and yaw angle. Tip speed ratio 
is given as,  
                                             
U
R
              (1) 
where R is the radius, Ω rotor rotational speed in radians/second and U is the freestream 
velocity. Reynolds number is given as,  
    

Uc
Re             (2) 
where, c is the chord length and   is viscosity. The performance of the turbine is mainly 
determined by power coefficient (Cp), which is given as, 
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3
2
1
AU
P
C outp

 ,          (3) 
where, outP  is power output in kW of turbine, defined as product of torque experienced by 
turbine and angular velocity. The denominator is the total wind power, which is defined by 
density (  ), swept area by the turbine blades ( A ) and free-stream velocity of the wind (
U ). The coefficient of thrust is defined as,  
 
2
2
1
AU
T
CT

            (4) 
where T , is the thrust force in N. 
2.4. Turbulence Model - Comparison of k-w SST with and without Curvature 
Correction 
  In the current study, a three-dimensional CFD analysis is carried out using  CFX 
multiple reference frame technique30. It incorporates a rotating frame for the inner domain 
where the turbine is located to assimilate the rotating effects and a stationary frame for the 
outer domain. Following conservation of mass and momentum equations are used to 
convert the unsteady flow from stationary domain to steady flow in rotating domain36 
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where, ρ is the density of water, iU , jU are time averaged velocity components of the 
water, 
ix , jx  is the element distance, P is the mean pressure, μ is the coefficient of 
viscosity, u′ is instantaneous velocity fluctuation relative to the mean velocity,  '' jiuu  
are the Reynolds stresses, 
ig  is the acceleration due to gravity, and iF  is momentum source 
term. Reynolds stresses for incompressible flow are defined as 36,  
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where, t is turbulent viscosity (eddy viscosity), k is the turbulent kinetic energy and ij
is Kronecker delta. These values are being calculated form a representative turbulence 
model. 
For present case, three-dimensional Unsteady Reynolds-averaged Navier-stokes 
equations with SSTk   curvature correction (CC) turbulence model was applied to 
perform the simulations. k  SST is a two equation eddy viscosity model used for its 
efficiency to predict complex fluid flows under a broad range of adverse pressure gradient 
flow conditions. A blending function (F1) is introduced which combines the Wilcox k
model with standard k ensuring that the model equation behaves relevantly in both 
near-wall and far-field regions33. Since the traditional k model fails to predict the 
separation induced by pressure, a modified model was constructed using Bradshaw’s 
observation37. The advantage of this model is that the k equation obtained in near wall 
boundary is treated in same way as in k  relying on enhanced wall approach; i.e. the 
structural discretization concentrated near the wall defined by y+ are <1 obtaining fine 
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mesh. It would help to better understand the fluid flow around the turbine, which is defined 
as a wall in the boundary condition. The governing equation for k  SST model is given 
by,  
                          kkUUkk
t
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 A major weakness in this eddy viscosity model (EVM) is its inability to capture the 
effects of system rotation and curvature, which play a significant role in our study. Spalart 
et al. and Shur et al. 38, 39 suggested addition of a correction term to modify the existing 
EVM for better resolving the rotating flow. The CCSSTk   model is derived from 
k  SST model by scaling the production term with this correction term called curvature 
correction function , 1rf . It is given by,  
  0.0,25.1,minmax1 rotationr ff                          (10) 
Where,  
                                       1213*
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1 rrrrrotation crcc
r
r
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                  (11)  
where, 1rc , 2rc  and 3rc  are empirical constants equal to 1.0, 2.0 and 1.0 respectively
40, 41. 
Terms 
*r and r~  are given as,  
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Here,  
       222 09.0,max SD          (14) 
ijij SSS 2
2           (15) 
ijij 2
2                                  (16) 
where, ijS  is strain rate tensor, ij  is rotation tensor, 
rot
m is rate of rotation of the system 
and variable D  is dependent on strain S  and turbulent eddy frequency . A separate study 
was conducted to compare k  SST model with  CCSSTk   model to check if the 
latter would give better results. SST-Curvature correction model for zero yaw is validated 
using the experimental data available30. Since there was no experimental data available for 
comparison for different yaw angles, they were compared to Reynolds Stress Model 
developed by Speziale-Sarkar-Gatski (RSM–SSG)42. It is a four equation model which 
would give better accuracy but is inferior to EVMs in terms of computational costs. It was 
observed that SST–CC was much better in predicting the interaction of wake compared to 
SST model, which is explained later in Figure 7. Based on this, it was concluded curvature 
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correction model is best suited for this study. Incorporating this model, steady state and 
transient simulations were performed.   
  
18 
 
3. Results 
 Computational results from the three-bladed turbine with a chord based Reynolds 
number of 2.04 × 105 is discussed below. First, we report the density of the grid used for 
the current work and results from our grid-convergence and time-step convergence studies.  
The accuracy of the CCSSTk   turbulence model is validated by comparing the model 
with experimental data30 at zero yaw condition; this is followed by comparing the 
SSTk  -CC model with SSTk   and RSM – SSG models for different yaw angles. 
Coefficients of power and thrust are studied to account for the power reduction caused due 
to angular inflow of water; the velocity deficit and TKE for yaw angles of 5° and 15° at 
rotational speed of 250 rpm (that corresponds to max. Cp) is plotted to document wake 
propagation and recovery.  
3.1. Verification of Numerical method 
Over the years, numerical simulation has seen great development due to its cost 
efficiency and speed. The efficiency of the CFD simulations are based on its accuracy to 
predict the numerical solution which are in tune with physics of real-world43. Achieving 
this accuracy with least computational cost is a challenge that needs to be tackled. This can 
be done by validating the mesh density, time-steps considered for transient simulations and 
in selecting the turbulence model. Validation is performed by comparing the model under 
study with reference model or other solutions. From the various validation methods 
available, validation using convergence is used in the current study 44. 
3.1.1. Domain Size Selection 
As mentioned earlier, the domain size considered in the current study has 48×48 
inches’ cross-sectional area. This decision was made based on an independent study 
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conducted between three domains of three different cross sectional areas, 24×24, 48×48 
and 96×96 inches’ respectively.  This study is required to select a domain in which the wall 
effects on the wake are minimum or absent, to better study the wake propagation in free 
flow. The wall effects can predominately be noticed for yaw angle of 15°, due to the skew 
in wake; because of which, 15° yaw case was deemed a good option for performing this 
study.  
Figure 3 shows the normalized velocity contours for different domain sizes, where 
(a) is for 24×24 (b) is for 48×48 and (c) is for 96×96 inches’ domain. For 24×24 inches’ 
domain it can be noticed that the flow closer to the wall on the negative size of z/R is 
cushioned between wake and the wall, thus increasing its velocity at that location. Due to 
Figure 3: Normalized velocity profiles for horizontal planes for domain sizes of (a) 24×24 
(b) 48×48 (c) 96×96 
(a) (c) 
(b) 
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this, it can even be noticed that the wake deviates a little towards the turbine centerline. 
This deviation starts closer to x/R = 3-4, suggesting that wall effects are experienced by 
wake closer very early on. Even in the region on the positive side of z/R, the wall effects 
can be noticed by increasing the flow velocity due to cushioning and forcing the wake to 
deviate towards the centerline between x/R = 2-3. In Figure 3 (b) and (c), it can be noticed 
that the propagation of wake is uninterrupted due to the presence of walls suggesting that 
wall effects are absent in this domain sizes. For both 48×48 inches’ domain and 96×96 
inches’ domain, the wake propagation can be noticed to be the same; thus making 48×48 
inches’ domain the logical choice in domain size keeping in mind the computational costs.    
 
3.1.2. Grid Convergence 
The quality of grid decides the accuracy of the solution and time invested in 
solving it. A convergence study was performed to reach a balance between accuracy and 
computational cost. Convergence for the gird is obtained by repeated calculation for a 
series of successively refined grids. The solution at which it converges is called a grid-
independent solution, meaning further refinement of gird would not significantly change 
the accuracy but just increase the computational cost/time45. The grid is generated, keeping 
in mind the wall effects, density and boundary interfaces. Wall effects on the turbulent 
flows are significant. The grid needs to be refined near the wall to better predict the 
treatment of turbulence in the near-wall region. The mesh size near the walls can be refined 
based on dimensionless term 

py . This parameter is calculated based on, 

tp
p
uy
y  ,          (17) 
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where, py is the distance of centroid corresponding to first near-wall node (1/length),   is 
the kinematic viscosity and tu is the friction velocity defined as,  
2
f
meant
c
Uu   where, 2.0(Re)037.0
2
f
c
.       (18) 
A grid convergence study was carried out for maximum TSR value of 7 and 
turbine at 5° yaw angle by varying the mesh size from 11 million to 26 million elements 
and was found that mesh with 19 million elements was optimum from viewpoint of 
accuracy and computational cost. Torque, which is a primary factor governing the 
performance, being studied has less than 3% variation when compared to finest mesh size 
of 24 million elements as shown in the plot in Figure 4 . For Figure 4, the error percentage 
in torque is calculated using 100
||
%
0
0 


T
TT
Error , where T is the torque for different 
Figure 4: Grid dependent study for numerical model using differnt grid sizes to 
compute fractional torque difference (%) from grid independent study. 
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grid sizes and T is the torque for finest mesh geometry which is considered as grid independent 
solution. Figure 5 shows the 

py plot on the turbine. The mesh was generated keeping in 
mind that the average 

py value ranges between 0.1≤

py ≤9 
32, 33. The average 

py  obtained 
was 3.4 which is with the acceptable range of 

py ≤10   for the k SST turbulence model 
for predicting boundary layer separation effect. Based on this, the grid independent solution 
is obtained for a mesh size of 19 million.  
3.1.3. Time-Step Convergence 
Time-step convergence is an important aspect to be taken care of during transient 
simulation. Time-step is the increment change in time per iteration, to solve time dependent 
unsteady flow. The size of time-step determines the accuracy of capturing the flow 
fluctuations. It is required to determine the most accurate solution that can be computed in 
the least time. To be considered stable, time-step needs to fulfill Courant-Friedriches-Lewy 
(CFL) condition, which is state below,45, 46 
(a) (b) 
Figure 5: y+p plot for the turbine (considered wall), avg 3.4, (a) 14 million elements (b) 19 
million elements 
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where, c is the Courant number, Δt is the time step, u is characteristic velocity and Δx is 
the spacing of grid in numerical model. Courant number is a measure of how much 
transverse (u) a mesh element (Δx) is given per time-step (Δt). Maximum acceptable 
Courant number, from stability viewpoint, varies based on the type of solver used. For 
explicit solver, c<1 and for implicit solver c<5 is acceptable46 based on which time-step is 
determined.  
To determine the optimum time-step, a convergence study was performed by 
varying time-step such that turbine blade rotated 3° and 2° per time-step30 and compared 
to adaptive time-step. Adaptive time-step technique is used to select the time-step for each 
iteration based on calculating the optimum time-step for every grid using eq. (19). In this 
technique, new Δt is obtained by multiplying the old Δt by the ratio of specified Courant 
number and last Courant number to force the new time-step to give specified target. The 
time-step adaption was based on RMS Courant number set to be 5. The error in torque 
calculation for 3° and 2°, when compared to adaptive time-step technique, is 9.3% and 
2.9% respectively, suggesting 2° time-step is stable, accurate and cost efficient.  
3.2. Validation of Turbulence Model 
The current study was performed using SSTk   turbulence model with 
curvature correction factor. This model is validated for its ability of predict the 
performance of turbine by comparing it with existing experimental data for 0° yaw 30. 
Furthermore, it is compared with the SSTk   model “without” curvature correction 
and the Reynolds Stress Model developed by Speziale-Sarkar-Gatski (RSM–SSG)42 ; 
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comparison is done for the case of 15° yaw. Reynolds stress model is very sensitive and 
complex turbulence model which uses exact Reynolds stress transportation equations to 
solve for Reynolds stresses and turbulence kinetic energy (TKE) making it the a robust 
turbulence model 47. The SST-CC model is analyzed from various perspectives like 
velocity, Reynolds number and turbulence kinetic energy (TKE) since these are values are 
directly influenced by the turbulence model used. This study is explained in Appendix A.  
3.2.1.1. Turbine Performance 
We first validate both SST models (without and with CC) based on turbine 
performance calculation with the experimental data available for zero degree yaw30 at 
identical conditions using a 1:1 replica of a model turbine in our laboratory.  Figure 6 shows 
the performance curve of turbine with freestream inlet velocity of U=0.73 m/s over a range 
of TSR values. From the plot in. Figure 6, it can be observed that the SST-CC model is 
more accurate  in predicting the performance when compared to SST without CC at lower 
Figure 6: Comparison of experimental data with 
simulation data (using SST model with and without 
Curvature Correction) 
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TSR values. At the peak where max. Cp is observed, both models are comparable. After 
reaching the peak performance at TSR = 5, both the turbulence models predict similarly, 
making both models suitable for performance predictions at higher TSR.  
 Based on all the observations from TKE, velocity profiles, Reynolds 
shear stresses and performance comparisons, SST-CC model was considered to study the 
performance and wake characteristics of the turbine in current study.  
3.2.1.2. Curvature Correction Parameter 
                 As discussed earlier (Ref. section 2.4), a correction term (fr1), eq. (10), 
is introduced to the production term to make the SST model more sensitive to rotation and 
curvature. Figure 7, shows the locations which the curvature correction function is 
affecting. The region where the value of curvature correction is 1, curvature correction is 
not needed. The region where fr1 >1 means that there is increase in production term and 
fr1<1 meaning reduction in production. From the figure, it can be noticed that curvature 
Figure 7: Curvature Correction Function (fr1) 
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correction is applied to at the region where the wake is interacting with the upper bypass 
region and lower bypass region and near the turbine (inner fluid domain), as expected. The 
curvature correction function becomes more significant as the flow moves downstream. 
From Figure 7, it can be noticed that maximum fr1 can be noticed in the areas which 
experience more shear. There is an interesting region after x/R = 3 where fr1 value quickly 
changes form maximum to production reduction term (fr1<1).   This sudden change in the 
fr1 term in the flow field might be due to the mixing of tip vortices with the wake, which is 
discussed further in the thesis, causing variation in production term. 
3.3.  Turbine Performance under Yaw  
The primary objective of this entire study is to investigate how a tidal turbine 
behaves under yaw, which can be quantified by studying variations in its performance and 
wake characteristics taking zero-degree yaw case as benchmark.  
3.3.1. Performance Characteristics  
Figure 8 represents the performance curve of the turbine at different yaw 
angle compared with base case of zero-degree yaw. The coefficient of performance is 
plotted against the tip speed ratio (TSR). Figure 9 presents a comparison of thrust 
coefficient for different yaw angles when plotted against varying TSR. For each yaw angle, 
the rotational speed of the turbine is varied between, 50 to 350 rpm (TSR 1–7), at uniform 
flow velocity of 0.73 m/s.  
From the coefficient of performance plot in Figure 8, it can be noticed that, 
as the yaw angle increases, the performance of the turbine decreases. The peak performance 
at all the yaw angles is attained at the same TSR of 5 (250 rpm). For 5° yaw case, there is 
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no change in performance at lower TSR, but at the peak output, the power is reduced by 
4%, and experiences small power reduction for higher TSR when compared to zero-degree 
yaw. Effect of yaw angle on performance is not significant at lower TSR. Until a TSR of 3, 
there is not much change in performance for increasing yaw angle, but after TSR of 3, the 
change can be significantly noticed. Maximum power reduction can be noticed at 15° yaw, 
which experiences ~26% power reduction at the peak output when compared to zero-
degree yaw.   
In the coefficient of thrust plots presented in Figure 9,  it can be noticed that 
at lower TSR, the thrust experienced by the turbine is not affected by yaw similar to Cp. 
But comparatively, the thrust experienced by higher yaw angle is more. After TSR of 4, the 
thrust force experienced by the turbine decreases with yaw angle, with a maximum 
reduction of 6% at TSR of 7 for 15° yaw when compared to zero-degree case. From the 
plots above, it can be noticed that performance of turbine is weakly sensitive to yaw angle 
Figure 9: Comparison of steady state 
(CFD) CT results for different yaw 
angles at uniform inlet velocity U∞ = 
0.73 m/s 
Figure 8: Comparison of steady state 
(CFD) CP results for different yaw 
angles at uniform inlet velocity U∞ = 
0.73 m/s 
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below a TSR of 3 (150 rpm), and significant power reduction is experienced from a yaw 
angle of 7.5°. Comparison of yaw angle to the CP and CT are plotted in the graph below 
(Figure 10).  
 
Figure 10 (a) and (b) clearly shows the power deficit and reduction in thrust 
experienced by the turbine with increase in yaw angle. From power deficit graph, it can be 
noticed that the rate of power reduction with increasing yaw angle is large at higher TSR 
when compared to lower TSR. A similar effect of TSR can be noticed for thrust force 
experienced by the turbine rotor. This reduction in power and/or thrust is due to reduction 
in area swept by the rotor, thus extracting less power from the flowing water.                 
3.3.2. Stream-wise and vertical velocity profiles 
The modeled domain extends up to x = 10R downstream from the turbine, 
which is large enough to capture the near wake and its effects. Wake in horizontal axis 
turbine can be characterized into two types, near wake (slow moving fluid region close to 
Figure 10: (a) Power coefficient for the model turbine at while varying yaw angles. (b) 
Thrust coefficient for the model turbine at while varying yaw angles. 
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the rotor towards downstream) and far wake (the region beyond near wake). The region 
where large swirling eddies generated due to turbine rotor are dissipated is called near wake 
region and is usually within 4-5 diameters downstream of the rotor48. Far wake region is 
starts where the near wake region ends and ends when the flow becomes fully developed 
again. The velocity profiles help us understand how the yaw in the turbine affects the wake 
generated.  
3.3.2.1. Effect of Yaw angle (Constant TSR) 
  Figure 11 and Figure 12 show the velocity contours plotted for different 
angles at uniform inlet flow of U=0.73 m/s and rotational speed of 250 rpm (TSR = 5). This 
TSR was chosen since maximum Cp is experienced by the turbine at that location. Figure 
Figure 11: Velocity contours for different angles at uniform inlet flow of U=0.73 m/s 
and rotational speed of 250 rpm (TSR = 5).(a), and (c) are stream-wise (vertical) 
velocity contours for 0° and 5° respectively and (b), (d) are  horizontal velocity contours 
for 0° and 5° respectively. 
(a) (b) 
(c) 
 
(d) 
30 
 
11 (a), (c) and Figure 12 (a), (c) are Stream-wise (vertical) velocity contours for 0°, 5°, 10° 
and 15° respectively and Figure 11 (b), (d) and Figure 12 (b) , (d) are horizontal velocity 
contour plots for 0° , 5° , 10° and 15° respectively. These plots illustrate the normalized 
velocity U/U∞ (in cfx, Velocity in Stn Frame u/Uinlet) and plotted against different 
downstream locations in x-axis, stated as x/R (where R is the radius of rotor = 5.5”) and 
along y-axis (m) at plane z=0, for Figure 11, Figure 12 (a), (c) and along z-axis (m) at plane 
y=0, for Figure 11, Figure 12 (b) and (d).  
      From Figure 11 (a), (c) and Figure 12 (a), (c), it can be noticed that as the 
wake propagates downstream, it deviates in the direction of yaw and this angle of deviation 
increases with yaw angle, which is more prominently visible in (b), (d) of Figure 11, and 
Figure 12. Between x/R 0 to -1, it can be noticed that the presence of turbine influences the 
Figure 12: Velocity contours for different angles at uniform inlet flow of U=0.73 m/s and 
rotational speed of 250 rpm (TSR = 5). (a), (c) are Stream-wise (vertical) velocity 
contours for 10° and 15° respectively. (b), (d) are horizontal velocity contours for 10° and 
15° respectively. 
(a) (b) 
(c) (d) 
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incoming flow. This modification to the incoming flow varies with the angle. This variation 
in upstream is due to the change in turbine’s initial interaction with velocity30, 49. It can be 
noticed that the width of the wake reduces as the wake propagates downstream. The amount 
of width reduction increases with yaw angle, i.e. as the yaw angle increases, the turbulence 
in wake generated due to yaw tends to dissipate faster. It can be noticed that the recovery 
distance/time of wake reduces with increase in yaw angle. Similar observations were 
reported by Lolland21, in his study based on wind turbines under yaw. Maximum wake 
recovery was noticed in 15° yaw turbine at x/R = 9 and 10. It can even be noticed that the 
skew angle of wake is more than the turbine yaw angle (discussed in detail later). Due to 
stream-tube expansion effects, the presence of wake is initially experience towards positive 
side of Z – axis and shifts towards the yawed direction. This shift is slower as the yaw angle 
increases. It can be noticed that there is a sudden reduction of wake width near to this shift. 
Velocity behind the turbine hub experiences almost normal velocity for certain distance 
downstream, before being enveloped by the wake near the shift.   
Figure 13 presents the velocity profile comparision between different yaw 
angles at different downstream locations. In Figure 13, (a) is at location x/R = 1, (b) is at 
location x/R = 4, (c) is at location x/R = 7, and (d) is at location x/R = 10. At locations 
closer to the rotor, x/R = 1 and 4, turbine with higher yaw angle experiences higher velocity 
deficit when compared to turbines with lower yaw. It can also be noticed that the velocity 
deficit is initially experienced towards the positive side of Z-axis, i.e. direction opposite to 
yaw suggesting that the wake is initially towards that side. AT x/R = 4, the maximum 
velocity drop is closer to zero, suggesting that the wake shifted towards the direction of 
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yaw closer to that location. This shift is clearly visible for yaw angle of 15°, suggesting 
that it experiences maximum wake skew. 
    It can also be noticed that, as the flow propagates downstream, the flow 
velocity is recovered faster for higher yaw angles, when compared to lower. For yaw angle 
of zero-degrees, from x/R = 1 to x/  R = 10, the velocity recovery is from 0.4 to 0.5, which 
is about 25% recovery, whereas, for yaw angle of 15°, the velocity is recovered from 0.12 
to 0.64, which is ~440% recovery. 
  
(c) 
(b) (a) 
(d) 
Figure 13: Comparing Velocity profiles for different angles at different downstream 
locations. (a) x/R = 1, (b) x/R = 4, (c) x/R = 7, (d) x/R = 10. 
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3.3.2.2. Effect of rotation speed on yaw (15° yaw) 
Figure 14 represents the velocity contours at uniform velocity of 0.73 m/s 
and constant yaw angle of 15° with varying rotational speed. Figure 14 (a) and (b) shows 
the stream-wise (vertical) and horizontal velocity contours at 250 rpm (TSR = 5) 
respectively, similarly Figure 14 (c) and (d) represent velocity contours at 300 rpm (TSR = 
6).  
From Figure 14 (a) and (c), it can be noticed that the wake skew angle 
decreases as the rotational speed of the turbine increases, and wake travels longer distance. 
The velocity deficit created due to the presence of the turbine is larger for higher rotational 
speeds. This increases the distance traveled by wake to recover the flow velocity.  
Figure 15, presents the velocity profile comparison between 250 rpm and 
300 rpm for a turbine at 15° yaw. In Figure 15, (a) is at location x/R = 1, (b) is at location 
x/R = 4, (c) is at location x/R = 7, and (d) is at location x/R = 10. It can be noticed that at 
locations closer to the rotor, the influence of TSR is very minimal to completely absent. It 
can be noticed at a downstream distance of x/R = 7 and later. It can be noticed that wake 
recovery distance for wake is longer for higher TSR. The velocity recovery is around 
~350%for 300 rpm to ~440% for 250 rpm whilst travelling from x/R = 1 to x/R = 10. 
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Figure 14: Velocity contours for 250 and 300 rpm (TSR = 5, 6). (a) and (c) are Stream-wise (vertical) 
velocity contours for 250 rpm and 300 rpm respectively. (b), (d) are horizontal velocity contours for 250 
rpm and 300 rpm respectively for 15° yaw angle. 
(a) (b) 
(d) (c) 
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(a) (b) 
(c) (d) 
Figure 15: Comparing Velocity profiles for different angles at different downstream 
locations. (a) x/R = 1, (b) x/R = 4, (c) x/R = 7, (d) x/R = 10. 
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3.3.3. Velocity Deficit Profile 
Wake generated due to the interaction between flow and the rotor causes wake, 
and the wake flows downstream causing velocity deficit and increase in turbulence 
intensity. Study of this velocity deficit would help better understand the flow of wake, and 
flow recovery. It is calculated using the following equation,  
                





U
UVelDef 1                                                    (20) 
Figure 16 represents a comparison plots of velocity deficit at different downstream 
locations, where (a) is for 0° yaw, (b) plots for 5° yaw, (c) for 10° yaw and (d) for 15° yaw 
case. These were plotted for rotational speed of 250, (TSR = 5), where the performance of 
the turbine is experienced to be maximum, under a uniform inlet velocity flow of 0.73 m/s. 
The plots are drawn for different downstream locations from x/R = 1 to 9. It can be observed 
that for 5°, 10° and 15°, initially, at x/R = 1, the maximum velocity deficit is less compared 
to x/R = 3. The velocity deficit initially increases from locations 1 to 3 and later on 
constantly decreases. This pattern is noticed in all yaw angles. The maximum velocity 
deficits are noticed towards positive Z-axis and later cross the center line towards the angle 
of yaw.  For increasing yaw angle, the flow experiences higher velocity deficit and the 
movement of the maximum velocity deficit from positive Z- axis towards the negative 
increases with yaw angle, suggesting the movement of wake. Velocity deficit even helps 
understand the wake recovery, suggesting that the wake recovery is more noticeable in 15° 
yaw than compared to 0° and 5° yaw.  
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(a) (b) 
(c) (d) 
Figure 16: Comparing Velocity deficit profiles for different angles at different 
downstream locations. (a) is at zero-degree yaw, (b) is at 5° yaw, (c) is at 10° yaw, (d) is 
at 15° yaw. 
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3.3.4. Turbulence Kinetic Energy 
The rate at which the energy is transferred from mean flow to the turbulent 
eddies is known as turbulence kinetic energy (TKE). The rate of formation of turbulent 
kinetic energy is used to characterize intensity of turbulence. Physical significance of 
turbulent kinetic energy is that low value of TKE represents better aerodynamic properties. 
Turbulent kinetic energy per unit mass can be quantified by mean of normal stresses of 
turbulence and is given by,  
        




 
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uuuk          (21) 
3.3.4.1. Effect of yaw angle (Constant TSR) 
Figure 17 presents the Turbulent Kinetic Energy (TKE) contours for different 
angles at constant TSR of 5 (250 rpm) and uniform inlet flow of 0.73 m/s. Figure 17 (a) is 
at with turbine at zero-degree yaw, Figure 17 (b) is at 5° yaw, Figure 17 (c) is at 10° yaw, 
Figure 17 (d) is at 15° yaw of turbine rotor. The profiles on the left represent stream-wise 
flow and on the right represent cross-stream flow. The contours are plotted against 
normalized x (downstream locations) and y/z locations.  
From Figure 17, it can be noticed that the as the yaw angle of turbine rotor 
increases the large eddies formation tends to follow in the direction of yaw i.e. direction of 
wake. Large eddies formed due to separation or turbulence are considered major 
contributors for production of turbulent kinetic energy and smaller eddies are responsible 
for dissipation of TKE34. Energy transfer is from large eddies to small eddies47, 50.  From 
zero-degree yaw it can be clearly noticed that the high TKE is experienced tip vortices 
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generated, and as the yaw angle increases, these tip vortices mix with the wake, increasing 
the width of TKE. 
Figure 17 clearly shows that TKE distribution in the wake is in tune with the 
unsteady tip vortices shedding in the wake flow, and TKE is high along the shedding path 
of tip vortices structures. The wake flow behind the turbine rotor is highly turbulent (high 
turbulent kinetic energy) and tends to shift its direction along with increasing yaw angle 
similar to wake. The reason behind the high turbulence or high TKE in this region and in 
downstream regions can be related to the formation of flow separation and unsteady root 
vortices around the turbine rotor and blades. The high TKE along the downstream of the 
rotor with increasing yaw angle can be related to the mixing of tip vortices with wake 
generated.  
3.3.4.2. Effect of TSR (constant yaw angle) 
Figure 18 shows the TKE profiles for flows at uniform inlet velocity of 0.73 m/s 
for a turbine rotor at 15° yaw operating at a rotational speed of 250 rpm (a) and 300 rpm 
(b). From the contour plots it can be noticed that as the rotational speed of the turbine 
increases, the TKE in the wake experienced in the downstream regions are high meaning 
that the turbulence in the flow downstream increases with increasing the rotational speed. 
This is in tune with the shedding of unsteady vortices and flow separation around the 
turbine rotor. Regions further downstream i.e. beyond x/R = 5, is found to have higher 
turbulence i.e. high TKE, at higher rotational speed, suggesting that this region has highly 
unsteady water flow.  
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(a) 
(b) 
(c) 
(d) 
Figure 17: Comparing Turbulent Kinetic Energy profiles for different angles at constant TSR 
of 5 (250 rpm) at (a) 0º yaw, (b) 5° yaw, (c) 10° yaw, (d) 15° yaw. Left profiles represents 
stream-wise flow and right profiles represents cross-stream flow 
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Figure 18: Comparing TKE at different rotational speed (TSR) for 15° yaw. (a) TSR= 
5 (250 rpm), (b) TSR = 6 (300 rpm). 
(a) 
(b) 
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3.3.5. Reynolds Stresses  
Figure 19 shows the Reynolds stress distribution behind the turbine rotor. The 
plane considered is at a distance of 0.3R from the turbine. The contour plots shown are for 
three different rotational speeds of 200 rpm, 250 rpm, and 300 rpm. Figure 19 (a) presents 
the plots for turbine at 0° yaw, in (b) the turbine is at 5° yaw, in (c) the turbine is at 10° 
yaw and in (d) the turbine is at 15° yaw. From the Reynolds shear stress distribution in 
Figure 19, it can be clearly revealed that high levels of shear stress distribution behind the 
turbine were found in the region behind the hub. This concentration of Reynolds shear 
stress reduces with increase in rpm and increase in yaw angle. But the amount of decrease 
due to rpm is more significant than yaw angle. Another region with high levels of Reynolds 
shear stress concentration is near the tip vortices and root vortex structure. For the vertical 
transportation of kinetic energy, high Reynolds stress in wind turbine wake would play an 
important role51. High Reynolds stresses draw more high velocity winds from the 
upper/lower bypass region into the turbine wake helping in faster recovery of velocity 
deficit generated due to the presence of turbine. With increasing yaw angle, the Reynolds 
stress near the turbine decreases but the presence of Reynolds stresses in the wake 
increases. Figure 20 illustrates the Reynold stress distribution at different downstream 
locations. From that it can be noticed that the Reynolds stresses at zero degrees are slightly 
distributed between tip vortices near upper and lower bypass region, but as the yaw angle 
increases, high Reynolds stresses are towards the upper bypass region. With the increase 
of yaw angle, the presence of high Reynolds stress is felt closer to the turbine rotor, helping 
in faster recovery of velocity deficit compared to lower yaw angle.   
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 200 rpm 250 rpm 300 rpm 
(a) 0° 
   
(b) 5° 
   
(c)10° 
   
(d)15° 
   
Figure 19: Comparing Reynolds Stresses at varying yaw angles and rotational speeds for 
yaw angle of  (a) 0°, (b) 5°, (c) 10°, and (d) 15°. 
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Figure 20: Comparing Reynolds Stresses at varying yaw angles at rotational speed of 
250 rpm for yaw angles of (a) 0°, (b) 5°, (c) 10°, and (d) 15°. 
(a) (b) 
(c) (d) 
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3.3.6. Wake Propagation 
Investigating the change in the flow patterns of water after encountering 
turbine rotor provides advantage to decide the optimum location of Tidal Turbines in a 
farm.  Propagation of wake is governed by the angle of the turbine rotor, rotational speed 
and flow velocity of water. We studied how the varying yaw angle and rotational speed 
affected the wake generated at uniform velocity of water inflow. Center of wake was 
tracked to understand the deflection of wake downstream due to yaw.  
3.3.6.1. Wake Analysis 
Wake propagation is initially studied using velocity contours at different 
downstream locations. Figure 21 presents the contour plots of wake development in 
(a) 
(c) 
(b) 
Figure 21: Wake Development at different downstream locations from x/R = 1, 3, 5, 7 and 9 
for  of (a) 5° yaw, (b) 10° yaw, and (c) 15° yaw. 
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different downstream locations from x/R = 1, 3, 5, 7, and 9 at yaw angle of 5°, 10° and 15°, 
shows in (a), (b) and (c) respectively at a uniform inlet flow of 0.73 m/s and rotational 
speed of 250 rpm. The position of turbine is considered as reference point (0,0,0), to 
consider all other downstream locations.   
From Figure 21, it can be understood that the as the yaw angle increases, the 
amount of velocity deficit created behind turbine rotor increase in the downstream 
locations closer to the turbine (x/R < 5), and later the recover to this deficit increase as the 
yaw angle increases. The increase in velocity caused by the tip vortices is directly 
proportional to with yaw at closer downstream locations. The wake appears to slightly shift 
upward and towards the angle of yaw as it moves downstream with respect to the turbine 
rotor, similar to the observations reported by Trujillo et al. 28 for wind turbine locations 
(x/R = 1, 3, 5, 7, and 9), for different yaw angles of the turbine operating at rotational speed 
of 250 rpm and uniform velocity of 0.73 m/s. Figure 22 presents the wake expansion and 
its interaction with the surrounding water. Wake expansion is noticed to change towards 
the angle of yaw as it propagates downstream. The skew angle of wake increases with 
increase in yaw of turbine. At downstream locations closer to the turbine rotor, the tip 
vortex can be clearly seen to interact with the surrounding flow, and the velocity increase 
due to unsteady tip vortices increases as the yaw angle of turbine increases.  Along with 
that, even the velocity deficit inside the wake is initially more at higher yaw angles 
compared to lower. With increasing yaw angles, wake interacting with the upper bypass 
region seems to regain the deficit in velocity much faster. The center of velocity deficit in 
the wake appears to be traveling at a skew angle and upper towards the free surface with 
increasing yaw angles from the turbine reference center. 
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 x/R = 1 x/R = 3 x/R = 5 x/R = 7 x/R = 9 
(a) 5°  
     
(a) 10° 
  
  
 
(a) 15° 
   
  
 
Figure 22: Normalized velocity contours showing wake propagation at different 
downstream locations at TSR = 5 (250 rpm) at different yaw angles. 
Figure 22 shows normalized velocity contours at different downstream  
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The wake appears to curl towards the angle of yaw, and the curling is in tune 
with distribution of mean velocity in the wake, shifting the velocity deficit in the wake at 
the center sideways more strongly than the top and bottom. This curling experienced by 
the wake increases with increase in yaw angle. The curling shape of wake is attributed to 
set of counter-rotating vortices formed by yaw of turbine deforming the wake. These results 
are similar to the results obtained for wind turbine experimentation conducted by Howland 
et al.27 
3.3.6.2.  Center of Wake deflection  
As stated earlier, with yawed condition, the wake becomes asymmetric in 
span wise dimension, making it hard to characterize its deviation from the baseline case 
(0° yaw) just based on its velocity profile. To better understand the deflection of wake, it 
is necessary to the center of wake and compares them with different yaw angles. There are 
many ways suggested to calculate the center of wake, out of which the prominent methods 
are using Gaussian fitting52,  using velocity tracking26, or center of mass of velocity 
deficit27. According to Gaussian fitting, velocity profile of the sections where center is to 
be calculated is extracted and Gaussian center for it is regarded as the center of wake. In 
velocity fitting method, the center of wake at a section is calculated by taking the mid-point 
between two locations with wind speed equal to 95% of free-stream velocity26. Here, we 
are using the “center of mass” method approach method suggested by Howland et al.27. In 
this method, the coordinates of the center of wake are calculated at different downstream 
locations using the following formulation,   
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where ),,(),,( zyxuUzyxU   , u is the time-averaged velocity and U is the free 
stream velocity and integration is performed over the spatial data available in that section.  
To obtain the wake center at different downstream locations (x) in the XZ 
plane, we neglect y dependency and use one-dimensional integration in z axis using, 
                                              ,
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Figure 23 shows the normalized velocity profile in at XZ plane with the 
location of turbine at (0,0,0) for various yaw angles of turbine operating at a rotational 
speed of 250 rpm (TSR = 5), and uniform inlet velocity of 0.73m/s. The overlapping black 
line is the center of wake deflection mapped on the velocity profile.  
From Figure 23, it can be noticed that the center of wake deflection also 
increases with increasing yaw angle. Initially, the center of wake deviates towards the 
positive z axis up to ~4R (2D) downstream, after which the wake deflection angle becomes 
negative and the center of wake follows the velocity deficit and starts to stabilize as the 
deficit in velocity begins to regained which can be noticed for 10° and 15° yaw ~x/R = 9 
and 10. 
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Figure 23: Streamwise velocity contour profiles for different yaw conditions at 
different downstream locations with turbine placed at (0,0,0) operating at TSR = 5 
(250 rpm) and uniform inlet velocity of 0.73m/s.  The center of wake is shown as 
overlaping black line. (a) is turbine at 5° yaw, (b) is turbine at 10° yaw, and (c) is 
turbine at 15° yaw. 
(a) (b) 
(c) 
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Figure 24 shows the wake deflection for different yaw angles at 250 rpm (TSR=5). 
On comparison it can be noticed that initially, from 1R to 2R, the center of wake is located 
towards the positive side of z axis. This initial deviation is less for lower yaw angles i.e. 
<5° and increases with yaw of turbine similar to wind turbine53 . The center of wake shifts 
towards the negative side of z as the wake propagates downstream. This shift happens close 
to 3.5R for 5° and 10°, and around 2.5R for yaw angle of 15°. It can also be noticed that as 
the yaw angle increases, the deviation of center of wake also increases with it. It can also 
be noticed that as the downstream distance traveled by the wake increases, the center of 
wake stabilizes faster for higher yaw angle, suggesting that the velocity deficit recovery is 
more as discussed earlier, similar to what Loland observed in wind turbines21.  
3.3.7. Results for Transient CFD to investigate wake propagation 
A transient analysis was performed to characterize the wake propagation and 
recovery as a function of time. Transient simulation was performed for a duration of 5s 
Figure 24: Comparison of wake deflection for yaw angles of 5°, 10° and 15° at different 
downstream locations with turbine operating at 250 rpm (TSR = 5). 
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with turbine running at a constant rotational speed of 250 rpm and flow velocity of 0.73 
m/s (TSR = 5) and in a test section of 24×24×10R (unlike steady state simulations). The 
turbine in the duration of 5 seconds made ~21complete rotations, with each blade traveling 
~7500°. Normalized velocity contours are studied in Figure 25 for an interval of 0.5 
seconds (~2.1 rotations, 750°) to understand wake propagation and recovery.  
In Figure 25, the normalized velocity contours are on horizontal profile and 
the arrow marks indicate the footprint of tip vortices in the wake. It can be noticed that as 
the time progresses, i.e. with increasing rotations of turbine, the wake does not propagate 
over the entire channel downstream length of the test section (10R). The wake extends 
completely to the entire length of the test section only up to t=0.1.5 seconds, after which 
the presence of wake is diminished and the velocity starts to recover. The recovery starts 
as early as 0.5 seconds from a downstream distance of x/R = 4, and the complete recovery 
of velocity to the inlet velocity in the wake is experienced after 1.5 seconds between 
downstream distance of x/R = 6 and 7. This can be attributed to the mixing of tip vortices 
with the wake and the interaction of free stream velocities in upper bypass region and lower 
bypass region with wake. Tip vortices imprints can be noticed to trying to penetrate into 
the core of the wake from t=0.5 seconds. The wake becomes more unsteady with increasing 
time and by the end of 5 seconds (~21 rotations) the presence of velocity from lower bypass 
region completely reaches the area behind the turbine cutting it from the wake. This might 
even be due to the effect of blockage and boundary proximity of the flow. It can be noticed 
that with increasing time, the velocity at the upper bypass and lower bypass regions 
increases due to presence of tip vortices and blockage between wall and turbine. This is the 
reason for the presence of higher rate of velocity lower bypass region than in the higher, 
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but due to presence less blockage at the upper bypass region, the tip vortices propagate 
longer distance than in the lower bypass region.   
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(a) 
(d) 
(c) 
(e) (f) 
(g) (h) 
(i) (j) 
(k) 
(b) 
Figure 25: Normalized streamwise velocity on the horizontal plane with turbine at 15° yaw 
operating at TSR = 5 after (a) t = 0.1 sec, (b) t = 0.5 sec, (c) t = 1 sec, (d) t = 1.5 sec, (e)        
t = 2 sec, (f) t = 2.5 sec, (g) t = 3 sec, (h) t = 3.5 sec, (i) t = 4 sec,(j) t = 4.5, and (k) t=5 sec. 
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4. Conclusion 
The primary objective of the current study was to understand the performance 
variation and characterize the wake generated by a tidal turbine under yawed inflow 
conditions. This study was carried out at a uniform Reynolds number of 2.04 × 105.    For 
the current simulations, a k  SST turbulence model with curvature correction was used 
and the results compared to the k SST turbulence model without curvature correction. 
The results were benchmarked with experimental data for the case of  an yaw angle of 0° 
A rotating frame methodology was implemented to transform unsteady flow in stationary 
frame to a steady flow in rotating frame.  
A performance study was conducted by comparing the values of power coefficient 
(CP) and thrust coefficient (CT) under varying effects of TSR and yaw angle of turbine. 
They were compared with experimental data and data acquired from Kolekar and 
Banerjee30 for zero degree yaw turbine. Furthermore, wake propagation was studied with 
the help of normalized velocity, turbulence kinetic energy and velocity deficit contours and 
by tracking the center of wake.  
The significant findings from this study can be summarized as follows,  
a. A detailed validation and verification study was performed to compare the k  
SST turbulence model with curvature correction with experimental results from Kolekar 
and Banerjee30 for the case of 0° yaw that was performed in house in our laboratory at 
Lehigh University. To test for the suitability of this model, we compared our results with 
the k  SST turbulence model without curvature correction and a higher order Reynolds 
Stress Model. From the study, it was observed that the k  SST turbulence model with 
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curvature correction is better suited for the current application as it was able to predict the 
experimental power-coefficients more accurately compared to the k  SST turbulence 
model without curvature correction.  
b. On comparison between 24×24×10R domain, which is the actual size of the test 
section available for experimentation, with 48×48×10R and 96×96×10R domain sizes, it 
was concluded that 48×48×10R domain size was selected for this study to avoid wall 
blockage effects coming into picture to study wake.  
c. Turbine performance was noticed to decrease with increase in yaw angle. For 
individual yaw angle, the dependency of CP and CT on TSR remains the same but when 
individual performance curve of different yaw angles are compared with each other a 
power deficit is noticed. A maximum deficit of 26% is noticed at TSR of 5 between 0° yaw 
to 15° yaw where CP is maximum for TSR=5. Maximum reduction of 6% is experienced in 
thrust between 0° yaw to 15° yaw at TSR of 7.  
d. Wake propagation is studied up to a downstream distance of 10R, From normalized 
velocity contours and velocity deficit plots in this region, it can be understood that wake 
recovery distance decreases with increasing yaw angle suggesting that in a farm setup, the 
distance between upstream and downstream turbines can be reduced increasing the turbine 
density in the farm when upstream turbine experiences yaw inflow, thus increasing the 
cumulative power output in the farm.  
e. Plots of turbulent kinetic energy for different yaw angles, revealed that wake behind 
the turbine at higher yaw is highly turbulent (has high turbulent kinetic energy) compared 
to turbine at 0° yaw; the turbulence increases with increasing rotational speed of turbine 
rotor.  From the plot of Reynolds shear stress ( ' 'u v ) it can be noticed that high Reynolds 
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shear stress is experienced by the wake with increasing yaw angle. An increase in yaw 
assists in drawing higher velocity flows from upper bypass region and lower bypass region 
into the wake, helping in faster recovery of velocity deficit in the wake with increasing yaw 
angle.  
f. By studying wake propagation at different downstream locations (1<x/R< 10), it is 
noticed that the wake formed tends to turn around as the downstream distance increases, 
with center moving more towards the right as the and top and bottom moving towards the 
opposite directions. This presents an opportunity to place a downstream turbine at a 
location such that the wake generated by an upstream turbine will completely avoid it due 
to wake meandering. In addition, it was observed that the center of wake pitches up towards 
the free surface as it propagates downstream.  
g. A center of wake analysis was used to better quantify the deviation of wake with 
increasing yaw angle. The results suggest that the wake tends to stabilize with increasing 
downstream distance for higher yaw angles which might be due to interaction of 
momentum from free stream velocity with the wake.  
h. Finally, the study of normalized velocity contours with time dependency (transient 
simulation) suggested that the wake recovery distance is low for higher yaw angle. When 
the velocity contour at turbine at 15° yaw is compared with velocity contour at 0° yaw from 
a study performed by Kolekar and Banerjee 30, it can be noticed that for 15° yaw turbine, 
the wake recovery begins from ~8R downstream when the wake structure is broken in the 
middle and velocity deficit in that area is mostly recovered. And by the end of 26R 
downstream, the velocity deficit formed by the wake, is completely recovered whereas for 
0° yaw case, even at a downstream distance of ~26R, the wake is not completely recovered.  
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Appendix A 
For validation, the SST-CC model is analyzed from various perspectives like 
velocity, Reynolds number and turbulence kinetic energy (TKE) since these values are 
directly influenced by the turbulence model used. All these plots were taken from locations 
x/R = 5 and x/R = 10 on the horizontal plane i.e. y = 0 and the horizontal axis represents 
the traverse in z-axis in the above mentioned locations.   
 
A.1 Velocity and Turbulence Kinetic Energy (TKE) 
Velocity profiles at x/R = 5 and x/R = 10 for 15° yaw are plotted below in 
Figure  (a) and (b) respectively. The graphs are plotted for normalized velocity (U*) Vs z-
axis.   The difference between SST and SST-CC is very minimal before x/R = 5, and thus 
not discussed here. At x/R = 5, Figure  (a), it can be seen that even at this location, there 
isn’t much difference between SST and SST-CC model and have very minimal variation 
from RSM model. But, at location x/R = 10, the variation of SST from SST-CC model can 
be noticed clearly between -0.2<z<0, with SST-CC model showing closer affinity RSM-
SSG model, than SST model. There isn’t much sizable difference between the three models 
in near the walls.   
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x/R = 5 x/R = 10 
(a) (b) 
Figure A.1: Streamwise velocity profile for 5° yaw at (a) x/R = 5 and (b) x/R = 10 
  
x/R = 5 x/R = 10 
(a) (b) 
Figure A.2: Turbulence kinetic energy profile for 5° yaw at (a) x/R = 5 and (b) x/R = 10 
 
Turbulence kinetic energy (k) profiles have been plotted at x/R=5 and 10 in Figure  
(a) and (b) respectively. In Figure  (a), the TKE profile obtained from SST model with 
curvature correction matches RSM model very closely compared to SST model, almost 
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matching RSM model. At x/R = 10, the profile from SST-CC model follows the pattern 
same as RSM-SSG model more closely than plain SST model. The error between RSM 
and SST-CC model is minimal when compared with SST model. At x/R = 5, the peak in 
TKE occurs around -0.1 for all the models suggesting that SST model with and without 
curvature correction can detect the rotation, but SST model (uncorrected) failed to capture 
it properly. At x/R = 10, the SST-CC model follows RSM model but has a certain error 
value near the peak, but SST model failed to detect the exact location of the peak by an 
offset.  
Most of the fluctuations in TKE and velocity plots can be noticed between -
0.2<z<0 for both x/R = 5 and 10. This can be explained due to the wake propagation 
between those regions at that location, making them the best locations to check how 
accurate the models are in detecting the wake. From the plots between TKE and velocity, 
it can be seen that SST-CC has more effectively accounted for the effects of the wake than 
SST model, making it a suitable model for our current analysis.  
A.2 Reynolds Shear Stresses 
SST is an eddy viscosity model and is known to perform imperfectly when the flow 
is not aligned to the principle axis of strain. This is due to the assumption of local isotropy 
in the turbulent length scale. RSM model is not affected by it since it doesn’t need this 
assumption to solve the flow33.   
Figure , shows the Reynolds stress plots at x/R = 5 and 10 in (a) and (b) respectively. 
It can be noticed from the plots that SST-CC model is much closer to RSM-SSG model in 
terms of the approximately calculating the stresses. From Figure  (b), it can be noticed that 
both SST-CC model and SST model follow the same trend as RSM- SSG model, showing 
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similar peak locations and shape for curve. But when compared to each other in terms of 
magnitudes, SST-CC model shows smaller error value compared to SST model making it 
much more suitable model to study wake. But this model is noticed to be comparatively 
better only after a certain distance downstream (x/R≥5), making it more suitable to study 
far wake conditions.                 
 
x/R = 5 x/R = 10 
(a) (b) 
Figure A.3: Reynolds Shear Stress profile for 5° yaw at (a) x/R = 5 and (b) x/R = 10 
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